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Introduction 29 Autism spectrum disorder (ASD) is an increasingly 30 prevalent condition, with statistics changing rapidly. Cur-31 rently, approximately 1 in 68 children and 1 in 42 boys are 32 affected, with boys 4-5 times more likely to develop ASD 33 than girls (Blumberg et al. 2013 ; American Psychiatric 34 Association 2013; CDC 2014) . Children with high func-35 tioning ASD show deficits primarily in social and com-36 municative skills such as imitation, empathy, and shared 37 attention, as well as restricted interests and repetitive pat-38 terns of behaviors (American Psychiatric Association 39 2013). These deficits substantially impair normal social 40 interactions and prevent children from establishing ade-41 quate relations with their family or friends during devel-42 opment. The aim of the current study was to train and 43 enhance normative brain responses and behaviors during 44 social interactions and provide the basis for accepted 45 emotional reactions for children with ASD.
46 The approach taken in the current study utilized neuro-47 feedback training (NFT), an operant conditioning of brain 48 electrical oscillations (Sterman and Egner 2006) . NFT 49 allows real-time information of brain activity to be fed back 50 visually to a user by means of a computer in a closed loop, 51 enabling control and natural operation of brain oscillations 52 across cortical networks in vivo and in near real-time 53 (Nowlis and Kamiya 1970; Wolpaw et al. 2002; Neuper 54 et al. 2009 ). The possibility of volitional control of brain 55 electrical activity suggests, provided that they play a causal 56 role in cognitive functions, that their modulation can have a 57 functional impact. Previous studies have shown that children 58 with ASD learn to regulate such brain activity and produce 59 brain patterns similar to those of typically-developing (TD) 60 children, resulting in behavioral improvements (Pineda et al. 61 2008; Thompson et al. 2010; Coben et al. 2010 ).
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& Elisabeth V. C. Friedrich A2 efriedrich@ucsd.edu 115 enhancement usually involved feedback that was unrelated 116 to the significance of the mu rhythm or the anticipated 117 behavioral changes (e.g., using the speed of a car as 118 feedback for training the mu rhythm to activate the MNS 119 and thus improve imitation behavior) (Pineda et al. , 120 2014 Coben et al. 2010; Thompson et al. 2010) . 121 As the current study aimed to explore improvements in 122 mu-based NFT methods and specifically to link appropriate 123 brain response, behavior and emotions during social 124 interactions to reduce symptoms of ASD, a social video 125 game platform was developed (Social Mirroring Game, 126 Fig. 1 ; Friedrich et al. 2014) . First, this game includes 127 social interaction sequences as well as non-social gaming 128 episodes in order to make modulation of mu power in 129 relation to the situational context possible. A group of 130 children with ASD was rewarded for decreasing mu power 131 in the social interaction sequences (i.e. activation of MNS) 132 while increasing it in the non-social gaming episodes (i.e. 133 relaxed state). This 'bidirectional' group (Group 2) was 134 compared to the standard 'unidirectional' uptraining group 135 in which increased mu power was rewarded (Group 1).
136 Second, the game itself provided functionally-significant 137 feedback. For both groups, the rewarding feedback during 138 the social interactions was based on imitation and emo-139 tional responsiveness and involved the child's avatar imi-140 tating the facial expressions of the game character (Fig. 1) .
141 This role-play mechanism is a powerful tool for interven-142 tion on deficient social behaviors and can be used to adapt 143 learned social skills from the game to the real-world of 144 children with ASD (Bernardini et al. 2014) . 145 In the current study, it was expected that children with 146 ASD in both training groups would learn to control the 147 Social Mirroring Game via NFT and show modulation of 148 mu rhythm from baseline activity. Furthermore, the 149 implementation of functionally-significant feedback was 150 expected to result in significant symptom reduction. 151 Finally, it was hypothesized that the bidirectional Group 2 152 would result in greater mu suppression to movement 153 observation, social or emotional stimuli and more imitation 154 behavior after NFT than the unidirectional Group 1 due to 155 the bidirectional nature of the training.
156

Methods
Participants
158
Fifteen children with ASD participated in the current study, 159 with two participants dropping out prior to completion. The 160 remaining thirteen children completed pre-and post-tests 161 and sixteen 1-h NFT sessions 2-3 times a week for 162 6-10 weeks (average 8 weeks duration). The participants 163 had not participated in NFT previously and were 
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164 6-17 years old (mean = 11.5 ± 3 years). Their diagnosis 165 of ASD was verified by a clinician within a year prior to 166 training and all of the children were able to understand the 167 tasks and were compliant (Table 1) . Participants were 168 pseudo-randomly assigned to one of two training groups, 169 Group 1 (unidirectional) or Group 2 (bidirectional). The 170 mean age, cognitive skills and severity of autistic symp-171 toms were comparable between groups ( 183 The children were trained to modulate the frequency bands 184 in the EEG. To increase mu power, children were asked to 185 relax, while to decrease mu power, children were asked to 186 imagine socially interacting with their friends. The beta 187 and theta frequency bands, typically associated with blinks 188 and overall muscle movements, were inhibitors of positive 189 feedback on the NFT when the amplitudes in these 190 frequency bands exceeded a specified threshold (Fig. 1 
198
Social Mirroring Game
199
The children sat in front of a computer screen playing the 200 Social Mirroring Game while physiological measures were 201 recorded ( Fig. 1 ; Friedrich et al. 2014) . The story plot of 202 this game involves a treasure hunt to which the child's 203 avatar gets invited by a friend (i.e. a non-player character, 204 NPC). In the non-social gaming episodes, both characters 205 pick apples to carry on their journey, fly a balloon over 206 mountains to collect coins, and try to outmaneuver a dra-207 gon in order to get the treasure. During these episodes 208 children can control the game by enhancing mu power.
209 That is, a positive feedback, triggered by mu power 210 exceeding a threshold, is translated into apples flying 211 towards the bucket, coins streaming towards the child's 212 balloon, and the dragon getting hit by a fireball. Negative 213 feedback is indicated by the apples avoiding the bucket, the 214 coins avoiding the balloon, and the child's avatar getting 215 hit from the fireball. Unique to this game is the occurrence Fig. 1 Closed feedback loop of the Social Mirroring Game. The user's EEG was recorded and fed into the Social Mirroring Game, which gives the user visual feedback. Positive feedback (green frame) is provided by the child's avatar (i.e. child with the blond hair) imitating the non-player characters (NPC) facial emotions in the social interaction sequences and by winning in the non-social gaming episodes (e.g. hitting the dragon with a fireball). For negative feedback (red frame), no imitation behavior is shown in the social interaction sequences and the child's avatar loses in the non-social gaming episodes (e.g. is getting hit by a fireball). Group 1 received positive feedback for enhancing mu power (lV 2 ) above the threshold in the social interaction as well as in the non-social gaming parts. Group 2 received positive feedback for decreasing mu power during the social interaction sequences and for enhancing mu power during the non-social gaming parts. Both groups had to decrease theta (h) and beta (b) below the threshold in order to receive the reward 
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216 of a social interaction sequence before each non-social 217 game episode. During these social interactions, the child's 218 avatar approaches the NPC while the child presses the 219 arrow keys with the right hand. Then, while facing the 220 NPC, the child participant must modulate mu power [either 221 increase (Group 1) or decrease (Group 2) it relative to a set 222 threshold level] in order to get rewarded. The positive 223 feedback involves the child's avatar imitating the facial 224 expression of the NPC in real-time. For negative feedback, 225 a sad face without any imitation behavior is shown. The 226 game proceeds if the child's avatar has a positive interac-227 tion with the NPC for at least 30 s (i.e., he/she is successful 228 at modulating mu power and causing imitation of the facial 229 expression). Then, the NPC tells the child's avatar how to 230 proceed with the game. The story plot requires the partic-231 ipants to approach and successfully interact with the NPC 232 twice before the game proceeds to the next gaming 233 episode.
234
Study Design and Threshold Settings
235
Participants were divided into two groups: Group 1 236 received a reward for enhancing mu power in the non-237 social gaming episodes as well as in the social interaction 238 sequences. Group 2 was trained to increase mu power 239 during the non-social gaming episodes but to decrease mu The participants were pseudo-randomly assigned to one of two mu training groups (Group 1 or Group 2) The groups were comparable concerning the mean age, cognitive abilities and severity of autistic symptoms, which were examined within the last year by a psychologist or physician. All of the children underwent extensive diagnostic assessment, however, due to difficulties in recruitment not all diagnosis were evaluated with the same diagnostic tools (see limitation of the study in the discussion section)
To assess cognitive abilities, an intelligence test with a mean (M) of 100 and a standard deviation (SD) of 15 was applied (i.e., Wechsler Abbreviated Scale of Intelligence, Wechsler Intelligence Scale for children, Wechsler Preschool and Primary Scales of Intelligence or Stanford Binet Intelligence Scale). There was no difference between the two groups in IQ scores (p [ .1)
For the comparison of autistic symptoms, the total scores of the Vineland Adaptive Behavior Scale, the Social Responsiveness Scale (SRS) and the Autism Evaluation Checklist (ATEC), which were completed for every participant before the first NFT sessions, were used. No significant differences between the groups in these tests were found in the pre-test (p [ .1). Moreover, most of the children received the Autism Diagnostic Observation Schedule (ADOS) (Lord et al. 2000) and the revised Autism Diagnostic Interview (ADI-R) (Lord et al. 1994) . The scores on these tests were comparable between the groups (p [ .1). Other tests applied included the Asperger's Syndrome Diagnostic Scale (ASDS), Autism Spectrum Rating Scale (ARS), Gilliam Autism Rating Scale, Gilliam Aspergers Disorder Scale and the Childhood Rating Scale (CARS) J Autism Dev Disord
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240 power during the social interaction sequences of the game 241 (Fig. 1) . The thresholds for EEG were set as a function of 242 an initial preceding period of baseline activity. In Group 1, 243 mu values were set to -50 % of the baseline value in the 244 first session. Since participants were rewarded if their mu 245 levels were above this threshold in social and non-social 246 episodes, this setting made it initially easier to exceed the 247 threshold. Threshold values subsequently were set higher 248 in continuing sessions to shape behavior. In Group 2, mu 249 threshold values were set to -30 % of the baseline value in 250 the first session and were then increased in the same way as 251 in Group 1. This setting was chosen to make a decrease of 252 mu power below the threshold possible in the bidirectional 253 training condition. In the non-social gaming episodes, 254 participants in Group 2 were rewarded if they exceeded the 255 threshold. In the social interaction parts, participants were 256 rewarded if they were below the threshold. For both 257 groups, the threshold for theta and beta were set to ?50 % 258 of the baseline value in the first session. Since users only 259 received a reward if they were below the beta and theta 260 thresholds, this setting made it initially easier to get below 261 the threshold. Beta and theta values were subsequently 262 lowered in continuing sessions.
263 Pre-and Post-Tests: Evaluation of Training Success 264 Training success was evaluated by a series of EEG, facial 265 EMG, and behavioral outcome measures before and after 266 the 16 training sessions (Fig. 2 ). Children were asked to sit 267 silently and motionless in a comfortable chair inside an 268 electrically-and acoustically-shielded chamber and to 269 focus on a computer screen in front of them. The pre-and 270 post-tests were conducted by two experimenters, one con-271 stantly checking the physiological signals and the other 272 making sure the child followed the instructions. 273 EEG was recorded from 32 channels with a Biosemi 274 system (BioSemi B.V., Netherlands) and sampled at 275 2048 Hz. Artifacts from muscle movement were visually 276 identified and removed with the assistance of a tool that 277 identified data sections with peak amplitudes in the highest 278 20 % of a given data file. Trials as well as channels were 279 excluded individually, whereas C3 and C4 never had to be 280 excluded. All data were referenced to a common average.
281
Facial EMG was recorded from two electrodes on the 282 left cheek (zygomaticus major) and two above the left 283 eyebrow (corrugator supercilii) and sampled at 2048 Hz in 284 order to measure imitation behavior (smiling and frowning, 285 respectively) ( . Artifacts were removed 286 with the assistance of a tool which identified data sections 287 with peak amplitudes outside the limits of ± 3 standard 288 deviations of a given data file. EMG recordings were 289 bipolar. (Oberman et al. 2005; Pineda et al. 2008) . 305 Participants were asked to watch six 1-min videos 306 twice in random order. The videos included movement 307 observations as well as real movement (i.e. experi-308 mental conditions) and a baseline video (see Fig. 2b ).
309 The data from the same conditions were appended, 310 resampled to 256 Hz, and mu power was extracted. To 311 control for individual differences in scalp thickness 312 and electrode impedance, a ratio was used:
Reading the Mind in the Eyes Test (RMET) The RMET 315 was developed by Baron-Cohen et al. (2001) and 316 assesses social cognition and emotion recognition. 317 Children were shown pictures of the eye region of a 318 face for 10 s and afterwards they had to determine the 319 emotional expression or, as a control, the gender of the 320 individual. The percentage of correct responses and 321 reaction times were calculated. For the EEG analyses, 322 the data were resampled to 256 Hz and mu power was 323 extracted. The fifty-two 10-s trials of picture presen-324 tations (i.e. 26 for emotion and 26 for gender tasks) 325 without any motor response were cut to .5-9.5 s and 326 appended. Then the MSI was calculated in order to find 327 specific changes in emotion recognition independent 328 from general EEG effects:
Emotion Imitation Task Participants were asked to 331 watch 2-s videos of smiling (i.e. positive emotions) and 332 angry or fearful (i.e. negative emotions) faces (Beall 333 et al. 2008) . The stimuli were from the MMI Facial 334 Expression Database (Pantic et al. 2005; Valstar and 335 Pantic 2010) . Each of the 68 trials (i.e. 34 for positive 336 and 34 for negative emotions) was cut into 4-s 337 segments (i.e. 2 s before and 2 s after the start of the 338 video). The 1.5-s segments after onset of the video 339 were related to the baseline of 1.5-.5 s before the onset 340 of the video for the EEG and facial EMG time-341 frequency analyses. The EEG data were resampled to Participants watched six 1-min videos twice in random order. The videos included movement observations, such as watching a hand opening and closing (Hand), a hand pulling a crayon from a crayon box using a precision grip (Crayon), dots representing a moving human (Biomotion) and three people playing catch with a ball (Social). In the fifth experimental condition, participants were asked to make a movement with their right hand (Movement). In the baseline condition, randomly moving dots were presented. c Reading the Mind in the Eyes Test (RMET). Participants were shown pictures of individuals' eye regions for 10 s. At the corners of the screen either the gender (male or female) or four possible emotions were presented. After 10 s, the children were asked to press a button corresponding to their choice (i.e. in the above example, the child was instructed to press button ''1'' if he/she thinks the person has ''made up her mind'', button ''2'' if the person is ''joking'', etc.). As soon as they pressed a button, the next picture appeared with a 2 s break in-between. The maximum amount of time for the response was 25 s. d Emotion Imitation Task. Participants were asked to watch 2-s videos of smiling (i.e. positive emotion) and angry or fearful (i.e. negative emotion) faces. 120 ms before the onset of the video, a tone was presented. The baseline was between 1.5 and .5 s before the onset of the video. The break between trials varied randomly between 4 and 5 s. 
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371 tributed with one exception in the EMG analyses of the 372 Emotion Imitation Task. However, this variable did not 373 reveal any differences. If sphericity was not found, 374 Greenhouse-Geisser epsilon was taken for correction. For 375 the Post-hoc tests, Unequal N HSD was used.
Results
Neurofeedback Training
378 To address the first hypothesis and determine whether 379 children learned to control the game, the success of the 380 NFT to produce increases in baseline mu and in the per-381 formance during the Social Mirroring Game over the 16 382 training sessions was examined. As shown in Fig. 1 ,a 383 performance increase indicates that Group 1 was able to 384 increase mu during the entire game and Group 2 was able 385 to increase mu in non-social gaming episodes and decrease 386 mu in social interactions while keeping the theta and beta 387 frequency bands low.
Control of EEG Frequency Bands
389 For mu power, baseline value was significantly higher than 390 the threshold value (F 1,11 = 52.6, p \ .01, g 2 = .83) 391 which was true especially for Group 1 (F 1,11 = 10.9, 392 p \ .01, g 2 = .5; Fig. 3a ). This is in line with the study 393 design (Fig. 1) . Mu power also increased across sessions 394 (F 2.2, 24.7 = 3.2, p = .05, g 2 = .22). For theta and beta, the 395 baseline values were significantly lower than the threshold 396 values (F 1,11 = 57.4/38.3, p \ .01, g 2 = .84/.77), which is 397 also in line with the study design (Fig. 1) . The threshold 398 values (but not the baseline values) decreased significantly 399 across sessions (F 7,77 = 5.5, p \ .01, g 2 = .34; 400 F 2.7,30.0 = 3.6, p \ .05, g 2 = .25).
Performance Adjusted for Difficulty
402 Because thresholds were changed in order to induce learn-403 ing, the level of task difficulty changed. The previously 404 described results and Fig. 3a indicate that the baseline and 405 threshold values converged in the course of sessions for the 406 theta and beta band, which made it more difficult for the 407 participant to be below threshold. Thus, in order to correct 408 the performance of the participants in the NFT for the 409 increasing level of difficulty over sessions, performance was 410 computed as follows (Friedrich et al. 2014) :
Performance ¼ Hitrate Â Difficulty 412 412 A hit was defined as fulfilling all threshold criteria (e.g. 413 above mu and below beta, theta) and thus triggering pos-414 itive feedback in the game (increasing performance). In 415 order to make non-social gaming episodes and social 416 interactions comparable, the hitrate itself was defined as:
Hitrate ¼ Hits / Minutes
418
To adjust the hitrate for the level of difficulty, the distances 419 (Dobs) between the shaped threshold and the preceding 420 baseline were considered. Distances were calculated so that 421 positive numbers reflect the threshold being set easier than 422 the baseline values and negative numbers reflect the 423 threshold being set as more difficult than the baseline values. 424 The observed distances were then normalized (Dnorm) to 425 the defined standard distance (Dstd). The standard distance 426 was set such that the mu (l) threshold was 50 % lower and 427 the beta (b)a n dt h e t a( h) threshold were 50 % higher than 428 the preceding baseline value resulting in a difficulty of 1 for 429 the first session for Group 1 (Fig. 1) . To ensure that a dis-430 tance of zero and negative distance values still show rea-431 sonable results, a logarithmic transformation was used:
433
The hitrate decreased significantly over sessions 434 (F 3.3,36.6 = 11.1, p \ .01, g 2 = .5; linear contrasts 435 p \ .01, g 2 = .7; Fig. 3b ). Group 1 achieved a higher 436 hitrate than Group 2 (F 1,11 = 16.0, p \ .01, g 2 = .59). 437 This was related to the fact that Group 2 had higher levels 438 of difficulty than Group 1 (F 1,11 = 24.6, p \ .01, 439 g 2 = .69), especially during the social interactions 440 (F 1,11 = 28.3, p \ .01, g 2 = .72). This is in line with the 441 study design: Due to the bidirectional training, Group 2 had 442 to decrease below the mu threshold in the social interac-443 tions although this threshold was already 30 % lower than 444 the baseline value in the beginning (Figs. 1, 3a) . Difficulty 445 increased over sessions (F 3.7,41 
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However, when controlling the hitrate for the level of 464 difficulty, performance showed an increasing trend over 465 sessions (F 7,77 = 1.8, p = .1, g 2 = .14; linear contrasts 466 p \ .05, g 2 = .38) and was higher for the social interac-467 tion than the non-social gaming episodes (F 1,11 = 12.3, 468 p \ .01, g 2 = .53). Group 2 performed better in the social 469 interactions than both groups in the non-social gaming 470 episodes (F 1,11 = 7.9, p \ .05, g 2 = .42).
471
Pre-and Post-Tests: Evaluation of Training Success
472
To address the second hypothesis, a series of outcome 473 measures before and after the 16 NFT sessions were 474 recorded to evaluate whether the NFT led to a reduction in 475 autism symptoms. This would be indicated by more mu 476 suppression to movement observation, social or emotional 477 stimuli, more imitation behavior and behavioral Fig. 3 Control of EEG frequency bands and game performance in the course of NFT sessions. a Peak-to-peak amplitude for the theta, beta and mu baseline and threshold values across NFT sessions. Two consecutive sessions are always averaged in order to reduce the 16 NFT sessions to 8 levels. For theta and beta, the distance between baseline and threshold in the first session was always ?50 % and participants were trained to be below the threshold. For mu in group 1, the distance between baseline and threshold was -50 % and mu power was trained to be increased. For mu in group 2, the distance between baseline and threshold was -30 % and participants were rewarded for a mu value above the threshold in the non-social gaming episodes but rewarded for a mu value below the threshold in the social interaction sequences. In the course of sessions, baseline and threshold values for theta and beta converged for both groups as did mu levels for Group 2. b Hitrate, difficulty and performance across NFT sessions. Hitrate decreased as difficulty increased for both groups in non-social gaming episodes as well as social interaction sequences. For Group 2, in the social interaction sequences, difficulty was especially high as the participants had to be below the threshold for mu power while the baseline was higher than the threshold (-30 %, a). Performance was the product of hitrate 9 difficulty and showed an increase J Autism Dev Disord 
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478 improvements in the post-compared to the pre-test. 479 Additionally, the differences between groups in these tasks 480 were examined (i.e. hypothesis 3). Fig. 4 ). In component space, an inde-486 pendent component over sensorimotor cortex between 8 487 and 12 Hz was shown for every participant. However, the 488 increase in mu power in the post-compared to the pre-test 489 during the closed eyes condition did not reach statistical 490 significance.
MSI Task
492 As expected, the MSI at electrode positions C3 and C4 493 indicated significantly more mu suppression for the exe-494 cuted movement than for the movement observations 495 conditions (F 1.8,20 .3 = 12.3, p \ .01, g 2 = .53; Fig. 5 ). 496 Moreover, there was a significant interaction between EEG 497 electrode, group and pre-and post-test (F 1,11 = 6.4, 498 p \ .05, g 2 = .37). In the condition ''Biomotion'' and 499 ''Social'', Group 2 had more mu suppression at C4 than 500 Group 1 in the pre-test (F 1,11 = 12.4/4.3, p \ .01/.1, 501 g 2 = .53/.28). In the ''Biomotion'' condition, there was 502 marginally more mu suppression in the post-test compared 503 to the pre-test at C3 (F 1,11 = 4.3, p \ .1, g 2 = .28) over 504 both groups. In the ''Social'' condition, Group 2 showed 505 more mu suppression than Group 1 at C4 (F 1,11 = 8.0, 506 p \ .05, g 2 = .42).
RMET
508 The MSI was also computed for the RMET but no statis-509 tical significant differences between groups and pre-and 510 post-test were found. However, significant correlations 511 between the MSI during the RMET in the pre-test and the 512 percentage of correct responses as well as the reaction time 513 in the RMET in pre-and post-test were found (Table 2) . 514 All correlation coefficients showed in the expected direc-515 tion: The more mu suppression (i.e. the lower the MSI), the 516 higher the percentage of correct responses and shorter the 517 reaction time. Behaviorally, children had significantly 518 more correct responses in the post-than in the pre-test in 519 the emotion task (F 1,11 = 7.3, p \ .05, g 2 = .4) suggesting 520 improvement in emotion recognition as a function of 521 training (Fig. 6) . Additionally, Group 2 showed shorter 522 reaction time in the post-than in the pre-test in the emotion 523 task (F 1,11 = 9.0, p \ .05, g 2 = .45). In the gender task, 524 which functions as control baseline, children with ASD 525 achieved significantly more correct responses than in the 526 emotion task (F 1,11 = 69.4, p \ .01, g 2 = .86), however, 527 no significant differences were found between groups or 528 sessions within the gender task (p [ .1).
529
Emotion Imitation Task
530
The EEG analyses of the Emotion Imitation Task showed 531 significant mu suppression 400-1000 ms after onset of the 532 emotional stimuli as shown in Fig. 7a . Group 2 had more 533 mu suppression in the post-than in the pre-test and more 534 than Group 1 in the post-test (F 1,11 = 7.6, p \ .05, 535 g 2 = .41). In contrast, Group 1 exhibited greater mu sup-536 pression in the pre-than in the post-test and more than 537 Group 2 in the pre-test. 538 The EMG analyses revealed significant facial muscle 539 activity in response to the emotional stimuli as can be seen 540 in Fig. 7b . In the pre-test, no significant differences in 541 muscle activity were found (p [ .1). In the post-test, in the 542 positive condition, activation was higher at the zygomati-543 cus major between 700 and 1000 ms than at the corrugator 544 supercilii (F 1.8,19.6 = 4.3, p \ .05, g 2 = .28), indicating 545 smiling. Additionally, Group 2 had significantly more 546 EMG activity than Group 1 in this condition in the post-test 547 (F 1,11 = 5.7, p \ .05, g 2 = .34). In the negative condition, 548 activation was higher at the corrugator supercilii than at the 549 zygomaticus major between 400 and 600 ms (F 2.1,22.8 = 550 3.5, p \ .05, g 2 = .24), indicating frowning.
551
Parental Assessments
552
Using the VABS, parents rated their children significantly 553 more adaptive in the daily living, socialization and com-554 munication domains in the post-than in the pre-test 555 (F 1,11 = 5.7, p \ .05, g 2 = .34; Fig. 8a ). In the SRS total 556 score, parents rated their children significantly more 557 socially responsive in the post-test than in the pre-test 558 (F 1,11 = 8.2, p \ .05, g 2 = .43; Fig. 8b ). In the sub-scales, 559 especially the ''social motivation'' improved significantly 560 from pre-to post-test (F 4,44 = 4.3, p \ .01, g 2 = .28). In 561 the ATEC total score, parents indicated significant reduc-562 tion of ASD symptoms in the post-test compared to the pre-563 test (F 1,11 = 6.1, p \ .05, g 2 = .36; Fig. 8c ). In the sub-564 scales, especially the ''sociability'' and the ''health/physi-565 cal/behavior'' improved significantly from pre-to post-test 566 (F 3,33 = 3.0, p \ .05, g 2 = .21). 567 The significant results from all three measures indicate 568 that children with ASD from both groups improved (1) in 569 coping with their daily lives, (2) in their social skills and 570 relationships and (3) 
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573 shows rigid routines) as well as improved personal hygine 574 (VABS, e.g. asks to use toilet; washes and dries face using 575 soap and water), domestic (VABS, e.g. is careful around 576 hot objects; uses tools) and community daily living skills 577 (VABS, e.g. follows household rules; obeys traffic lights). 578 Secondly, children with ASD showed significant 579 improvements in interpersonal relationships (VABS and 580 ATEC, e.g. imitates simple movements; recognizes the Fig. 4 Resting state EEG. a Channel space. Power spectra for the closed eyes (top) and open eyes (bottom) conditions for electrode positions C3 and C4 in both groups are shown. As can be seen, the general power level is not identical between groups and pre-and posttest. Therefore, mu power values between 8 and 12 Hz were considered relative to the general power level for statistical analyses (see Methods). When considering the relative mu power, mu was higher in the post-compared to the pre-test during the closed eyes condition at both electrode sites and for both groups. b Component space. Independent Component Analysis (ICA) was computed and a mu component closest to the sensorimotor cortex including all participants was selected. First, power spectra for the closed eyes (top) and open eyes (bottom) conditions of the Mu Cluster are presented. When considering the mu power values between 8 and 12 Hz relative to the general power level, mu power for both groups was higher in the post-compared to the pre-test during the closed eyes condition. Second, scalp maps of the Mu Cluster are presented. Third, dipole analyses for the top, coronal and sagittal view are shown. The mu cluster for all participants (red dot) had the mean coordinates of 54, -7, 47, which correspondents to right cerebrum, frontal lobe, gray matter, precentral gyrus, BA 4 (primary motor cortex) according to the Coordinates Talairach Client. These areas are also indicated for both groups individually 
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581 likes and dislikes of others), in play and leisure time 582 (VABS, e.g. chooses to play with other children; takes 583 turns without being asked), in coping skills (VABS, e.g., 584 accepts helpful suggestions or solutions from others; con-585 trols anger or hurt feelings due to constructive criticism) 586 and in social motivation (SRS, e.g., would rather be alone 587 than with others; avoids starting social interactions with 588 others). Thirdly, children with ASD improved in their 589 receptive (VABS, e.g. listens to instructions; listens to a 590 story for at least 30 min), expressive (VABS, e.g., says first 591 and last name when asked; has conversations that last 592 10 min) and written communication (VABS, e.g., reads at 593 least 10 words aloud; writes simple correspondence at least 594 three sentences long). Although the other sub-scales did not 595 reach significance in the post hoc analyses, Fig. 8 supports 596 the clear trend of improvements from pre-to post-test for 597 children with ASD in the majority of sub-scales.
598
Discussion
599
The results from the current study are consistent with and 600 extend previous work (Pineda et al. , 2014 . Overall, 601 the Social Mirroring Game was successful at engaging 602 children with ASD during NFT (Friedrich et al. 2014) and 603 produced positive effects on all measures. Electrophysio-604 logically, there was more mu suppression in the post-than 605 in the pre-test indicating activation of the MNS. In terms of 606 emotional responsiveness, children displayed significantly 607 more correct responses in the emotion recognition task and 608 exhibited more appropriate spontaneous imitation behavior 609 to emotional stimuli in the post-than in the pre-test. 610 Behaviorally, parents indicated in every-day life situations 611 a significant reduction of ASD symptoms, significantly 
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612 better social responsiveness, and better behavioral adapta-613 tion, respectively, in the post-than in the pre-test. These 614 results suggest that the Social Mirroring Game provided 615 functionally significant feedback based on imitation and 616 emotional responsiveness and was successful in linking and 617 improving brainwave responses, behavior and emotional 618 reactions during social interactions in children with ASD. 619 The results provide the most substantial argument to date 620 that mu-based NFT can be an effective tool for improving 621 aspects of behavior necessary for successful social inter-622 actions in children with ASD. 623 As positive feedback during NFT was inhibited by 624 exceeding theta and beta frequency bands as well as EMG 625 of the hand, it gave greater assurance that children with 626 ASD did gain control of the mu rhythm itself rather than 627 via blinks or muscle movements. In the pre-and post-628 tests, participants showed significantly enhanced mu 629 suppression in executed movement compared to move-630 ment observation, greater correct responses in the gender 631 than in the emotion imitation task and more muscle 632 activation at the zygomaticus major while watching pos-633 itive and more at the corrugator supercilii while watching 634 negative faces. These results indicate that the children 635 understood the tasks, followed the instructions and that 636 the data are indeed valid and can be considered reliable 637 indicators of improvement.
638
Training in the Social Mirroring Game
639
Several studies have reported that children with ASD are 640 able to learn to increase power in the mu frequency band in 641 order to control an action in a video game, similar to what 642 those in a TD group can do Coben et al. 643 2010; Thompson et al. 2010; Pineda et al. 2014) . To our 644 knowledge the current study is the first time that a group of 645 children with ASD were trained to both increase as well as 646 decrease mu rhythm depending on the specific context 647 within the game. Both of the groups (unidirectional and 648 bidirectional control) were able to learn control over the 649 mu rhythm and improve performance in the game across 650 sessions. Thus, children with ASD are able to learn to 651 switch between increase and decrease control of the mu 652 rhythm and in both cases it leads to improvement. An ICA 653 showed that in every participant there was a component 654 centered over sensorimotor cortex between 8 and 12 Hz, 655 which is indicative of mu rhythm phenomenology. Fur-656 thermore, mu power over central electrodes was consis-657 tently higher in the closed than in the open eyes condition, 658 which is a general phenomenon characteristic of most 659 frequency bands and cortical regions, as well as common in 660 TD and individuals with ASD (Geller et al. 2014; Barry 661 et al. 2009; Mathewson et al. 2012) . Moreover, mu 662 increased across NFT sessions, although during the resting 663 state it did not change significantly between groups or pre- 
Electrophysiological Changes in Mu Suppression
667 In line with the extant literature (Oberman et al. 2005) , the 668 participants of the current study exhibited significantly 669 more mu suppression to movement than to movement 670 observation in the MSI task. This pattern of mu suppression 671 was shown only over central electrodes but not over 672 occipital electrodes suggesting a differentiation of mu 673 compared to occipital alpha (Oberman et al. 2008) . This 674 differentiation is important as the alpha rhythm in occipital 675 regions and the mu rhythm over sensorimotor areas are in 676 the same frequency range (8-12 Hz) and thus recordings 677 over the central electrodes might be affected by this pos-678 terior activity. However, the results of the current study 679 show that the mu rhythm and not general alpha activity was 680 recorded and targeted specifically. Using the MSI task, 681 Pineda et al. (2008) have shown that mu suppression in 682 children with ASD became more like those of a TD group, 683 along with improvements in behavior, following several 684 weeks of a mu-based NFT in contrast to a control group 685 receiving placebo feedback. Consistent with this finding, 686 both groups in the current study showed at least marginally 687 more mu suppression for the ''Biomotion'' condition at C3 688 in the post-test compared to the pre-test. One potential 689 reason for why other comparisons failed to reach signifi-690 cance is that the MSI was very different between groups at 691 the electrode positions C3 and C4 in the pre-test. In con-692 trast to our prediction, Group 2 did not show more mu 693 suppression in the post-test than Group 1. That is, the 694 specific strategy (unidirectional vs bidirectional mu train-695 ing) did not make a difference perhaps as a function of 696 these population differences.
697 In terms of brain response to the observation of facial 698 expressions, Moore et al. (2012) (Demurie et al. 2011 ). In the current study, both 715 groups exhibited higher performance in the RMET in the 716 post-compared to the pre-test, indicating that NFT helped 717 children with ASD to reduce the reported deficits in emo-718 tion recognition (Demurie et al. 2011) . 719 The correlations obtained between mu suppression and 720 performance in the RMET in the current study indicate that 721 mu suppression to emotional face stimuli facilitates correct 722 and fast emotion processing, as well as gender recognition. 723 This result is in line with recent studies demonstrating 724 correlations between the performance in the RMET and 725 heart rate variability in TD controls (Quintana et al. 2012) 726 as well as autistic population (Friedrich et al. 2014) . The 727 higher the heart rate variability in the resting state, the 728 higher the percentage of correct responses and the shorter 729 the reaction time in the RMET. These results suggest that 790 Other factors that were not possible to control for the 791 sample of the current study included the participants' other 792 treatments at the time of the current study. Nine out of 13 793 children were engaged in applied behavior analysis (ABA), 794 occupational therapy (OT), speech therapy, music therapy, 795 cognitive behavioral therapy (CBT), real opportunities for 796 independence therapy (ROI), Son-Rise therapy, adaptive 797 physical education (PE) or social skill practice at school. 798 Most of these treatments were ongoing for several years, 799 while only 2 participants in each or our groups started a 800 therapy within the same year of the NFT. However, no 801 changes were made right before during or right after the 802 NFT. Moreover, the fact that the children were interacting 803 with the staff on a regular basis might have influenced the 804 results for all children. The families of the children with 805 ASD were all very supporting and motivated as they had to 806 invest a lot of time and effort for their participation. 807 However, the differences observed between groups in the 808 current study demonstrate that the two training protocols 809 had a specific impact on the children. 810 Despite all the limiting factors, the presented results 811 demonstrate large effect sizes (Richardson 2011) and show 812 benefits given the heterogeneity in age and severity of 813 symptoms as well as the considerable variability in phys-814 iological data, behavior and performance. We believe these 815 are strong results showing the benefits of this type of 816 training.
817
Future Directions
818
It is imperative to investigate the long term effects of the 819 NFT in a longitudinal study. Moreover, the Social Mir-820 roring Game is designed to be not only controlled by EEG 821 but also by peripheral physiological measures such as 822 respiration, heart rate or skin conductance. Therefore, 823 combining NFT and biofeedback might be another 824 promising approach to link appropriate behavior, neuro-825 physiological and peripheral physiological reactions in 826 social situations. 
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